The ever-increasing penetration of intermittent energy sources introduces new demanding operating regimes for the bulk power generation in the power grid. During a worst-case power system disturbance scenario, the generator needs to operate beyond its limits to maintain stable operation. Therefore, a new online low-order thermal model of a hydrogenerator has been recently proposed, where the periodic extension of the long-forgotten capability diagram of the machine was in-depth investigated. An increased performance can be obtained if the total thermal capacity of the generator is exploited by applying optimal control theory in the Automatic Voltage Regulator (AVR). This paper proposes a Non-linear Model Predictive Controller (NMPC) combined with an Unscented Kalman Filter (UKF) with a modeling framework geared for use in a supervisory control structure for the conventional control system. The method provides maximum utilization of the machine's thermal capacity by providing the controller with an Enhanced Capability Diagram (ECD). Case studies on a single-machine system and a 16-bus multi-machine system were investigated. The results show that a satisfying controller action during different long-term voltage instability scenarios is realized.
I. INTRODUCTION
F UTURE operating regimes for conventional generators will demand higher operational flexibility due to an increase in the utilization of intermittent renewable energy (RE) [1] . Available system reserves must be utilized to preserve a robust power system security [2] from the synchronous generators. In a worst-case scenario, major catastrophic failures in large interconnected power systems [3] may lead to a blackout of the power system. Inadequate reactive power reserve affects the system reliability [4] and is one of the main reasons for Manuscript , and uprated power (C) operating mode of a synchronous generator through an increased field current I fd (2) , and with the corresponding stator current I t (1) . Benchmark OELs consists of both a ceiling limit of the field current I fmax (immediately response to overload), and a rotor load limit I flim (with a delayed response). The dashed angle values (e.g., δ ) denote the extreme overexcited (enhanced) mode. The field current variation affects both the rotor angle (δ) and the power angle (φ).
a blackout [5] as it decreases the flexibility of the voltage control. There exists reactive power compensation equipment on the grid side. However, the most substantial portion of reactive power reserves relies on the capability of the large synchronous generators.
In a long-term voltage instability situation, the available voltage control capability of the power grid depends on the temperature rise of the synchronous generators [6] . In fact, the thermal overload capacity of the conventional power generation surpasses the virtual synchronous generators based on the Voltage Source Converter (VSC) technologies [7] , [8] . The 'real' synchronous machines do not depend on the limitations in overload capability of power electronic components. Therefore, enhancing their reactive power margins is essential [9] .
The periodic extension of the synchronous generator capability diagram has been largely overlooked. However, this trend is changing [10] . The temperature of the field winding and the overall MVA output (stator current) of the generator, determine the physical limitation of the reactive reserve power in the overexcited region. The generators in power systems are protected or controlled locally by devices such as the Over Excitation Limiter (OEL), and the Stator Current Limiter (SCL) as indicated in Fig. 1 . Moreover, if the turbine power is increased (C in Fig. 1 ), the reactive power support of the machine may be further constrained (e.g., Q C is more restrictive than the 0885-8950 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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field heating Q A ). Extensive work has been carried out on the impact of OELs [11] and SCL [12] . In addition, a new approach was described for accurately determining the activation time of the protection system based on the available thermal capacity of the rotor [13] . However, all of those previous efforts were based on the principle of rigid pre-defined limitations. Hence, model-based online monitoring technologies have a huge potential for improving the control scheme and the utilization of the synchronous generator.
In particular, the model-predictive control (MPC) schemes have shown significant advantages for online voltage collapse prevention [14] . However, the focus has been on load tap control and thermal overloads of transmission lines [15] , distributed MPC strategies [16] , corrective control algorithms [17] , and less attention towards the generation side. Recently, an active thermal management scheme based on the MPC concept of an Interior Permanent Magnet Synchronous Machine (IPMSM) has recently been proposed for lower temperature stress and longer lifetime [18] . However, this approach is not applicable for grid applications. Theoretically, MPC outperforms many other high efficient strategies [19] as it predicts the future behaviour of the plant with an internal prediction model. As the power system has a highly non-linear nature, e.g., time-varying setpoints, machine saturation, and possibly a subjected to large disturbances, more dedicated research towards Non-linear Model Predictive Control (NMPC) is necessary [20] . NMPC rises opportunities to implement fully non-linear models with non-linear constraints [21] .
The estimator for the NMPC must be reliable and efficient. There are different alternatives for online state estimation, including Unscented Kalman Filter (UKF) [22] , constrained UKF [23] , extended particle filter (PF) [24] , or observability of states of synchronous generators [25] . UKF is a modern algorithm (early 1990 s) and is a well established robust filter algorithm [26] . As evident, UKF has some advantages for non-linear systems [27] .
Recently, a low-order hybrid thermal-electrical model has been validated for a synchronous generator [28] . A significant improvement of the conventional controller may be achieved if an updated Enhanced Capability Diagram (ECD) is available for more advanced controllers in industrial applications [28] . This enhanced operating mode is schematically visualized in Fig. 1  (A and B) .
A. Contributions and Outline of Paper
This paper presents a new NMPC supervisory control strategy of an advanced voltage control scheme for maximum utilization of a hydrogenerator in the overexcited region, employing the proposed ECD [28] . The control system combines a thermalelectrical model with a non-linear output feedback model predictive control (NMPC) and with Unscented Kalman Filtering (UKF). Both activation time and maximum values for OEL and SCL limiters are fully replaced by this control structure. However, the Under Excitation Limiter (UEL) is not considered as the enhanced under-excited mode is not relevant during a blackout (i.e., beyond the scope of the paper). The hardware frame represents the actual aggregate connected to the grid carried out either as a single-machine system (e.g., as in Fig. 4 ) or as a 16-bus multi-machine system (e.g., as in Fig. 6 ). The online measurements y are indicated with dotted lines.
The paper is organized as follows. Section II describes the method used and the control structure formulation. Next, Section III presents an evaluation of the proposed control system on a single-machine case study. Section IV extends this case study for a multi-machine case system. Finally, Section V presents the discussion. Conclusions and future perspectives are presented in Section VI.
II. DEVELOPED CONTROL METHOD

A. Overview
The online supervisory voltage control system proposed in this work is visualized in Fig. 2 . This scheme can be further subdivided into a software and hardware part (frame). The software frame consist of an NMPC with an integrated thermal and electrical model, augmented UKF, and offline data for software setup and initialization of the models. The analytic thermal model must be calibrated to a Heat Run Test (HRT) [28] of the machine, and an initial value of the equivalent external reactance x e is provided through a Short Circuit Analysis (SCA) offline. Data from the machine, excitation system, and AVR needs to be provided offline to setup the dynamic model. In addition, a limited finite element analysis (FEM) of each hydrogenerator for model fitting is beneficial [28] . Electrical quantities such as the active power P t , the reactive power Q t , the terminal current I t , and the terminal voltage V t are measured online from the generator terminals and are taken as outputs from the model. The amount of injected or absorbed reactive power given by the field current and the external grid, are strongly connected to the terminal voltage of the machine. The set-point (reference) of the AVR and the governor is provided in all simulations and available for the proposed control system. Additional outputs are temperatures measured from the stator copper T s , the stator core T F e , and the air-to-water heat exchanger (e.g, warm air, T 1i ). For increased robustness, phasor measurement units (PMUs) which are normally placed at sensitive locations throughout the transmission grid [29] , can be utilized for estimating the external voltage level V e . Both the field current I fd , and the field voltage E fd are used to estimate the rotor winding resistance R r , and the rotor temperature T r . A total of nine measurements (m = 9) are provided from the hydrogenerator as
The supervisory system is working as a master controller to the conventional AVR (primary). This is due to the fast excitation response time required in the system during transient disturbances. The objective of the proposed system is to work as a supervisory control for the machine based on the slow temperature dynamics in the machine. The control input, u k , from the NMPC is a signal to the generator excitation system and governor system, and is implemented as a summation type, or take-over type control [11] in the conventional excitation system, and a reference step adjustment in the mechanical power P m0 as visualized in Fig. 2 . Thus NMPC can work either as MISO (excitation control) or a MIMO system (excitation and turbine power). Moreover, the master controller is implemented with a DeadBand (DB) on the control inputs and activates if the field current is greater than a threshold value. When activated, it monitors temperatures on the conventional system and takes action through control inputs if necessary. Under normal conditions, the master controller is de-activated. It implies that both the field current and the temperatures in the controller horizon are below safe values.
B. The Prediction Model
The internal NMPC prediction model consists of a low order thermal model [28] combined with an electrical model. The electrical model is a single machine infinite bus model (SMIB) where the hydrogenerator is modeled as a salient pole 2.1 model [30] (e.g., salient pole rotor structure means that ψ 2q in Eq. (5) is neglected). The field current of the machine I fd , terminal current I t , speed of the machine ω, and terminal voltage V t are inputs to the thermal model. There are three coupled ODEs that govern the temperature distribution in the rotor copper T r , the stator copper T s , and the stator iron T F e :
dT
where A is the heat transfer surface in m 2 , and h is the heat transfer coefficient in W/m 2 K. The heat transfer hA in Eq. (2) to Eq. (4), are estimated from the heat-run test of the machine at stationary conditions and nominal values [28] . T δ is the preheated air temperature in the air-gap, and T 1,o is the cold cooling air. In addition, the different τ T are the thermal time constants of the copper and the iron of the machine respectively [28] . The generator operates in a wide range of ambient temperatures as the cold-water temperature varies during the year. The cold-water temperature is the reference temperature of the system. There are nine states (n = 9) in the prediction model in total,
where δ is the rotor angle, and ψ are the flux linkage states in the machine [30] .
C. Identification of the External Grid System
A static electric equivalent model is provided to represent the external grid system. Estimation of the static net equivalent consist of identifying the external reactance x e (with resistance neglected), and the external voltage V e . These variables are not simultaneously observable since they are coupled (x e is given by the V e /I relationship). Due to this, x e is estimated initially offline through stationary short-circuit analysis (SCA), while the external voltage is estimated online. During a transmission system relay planning, the calculation of both maximum S max and minimum S min short-circuit power MVA (or impedance) for rated data of the electrical equipment and the topological arrangement of the system are done according to IEC 60909. S c g is the short circuit power of the generator. SCA analysis has the advantage of being possible both for existing systems and for systems at the planning stage. For convenience, the expected minimum MVA value S min is used as the initial value for the external reactance x e and is calculated from Eq. (6) . Grid faults may change the external reactance, and external voltage needs to be corrected through online PMU measurements.
D. NMPC Problem Formulation and Augmented UKF
The NMPC algorithm needs to know all system states x k in real time. In practice, only certain measured outputs y k are available. As a result, it cannot be expected that all the states are known or measured. To get around this problem, we estimate the statesx k using a state estimator and use the estimates of the states in the NMPC algorithm. The system states and the input disturbances estimated by the UKF, are fed as input to the NMPC. The overall control structure is schematically shown in Fig. 3 .
Let the control deviation vector e be
Likewise, let the control vector u be
The model is now A standard quadratic performance index J is used to define the objective function of the NMPC problem formulation,
where
and matrices Q and R are positive definite and often chosen to be diagonal. N p and N c are prediction and control horizon lengths. The optimal control solution is found by minimizing the performance index J w.r.t. u, by Eqs. (7)- (11), and with given constraints. The solution gives optimal inputs u * j , j ∈ {0, N c − 1} in the NMPC. Only the first control input in the sequence of future inputs is actually used at each time-step, e.g., set u 0 = u * 0 , and the whole process of forming an optimal control problem and then solving it, is repeated. Because of the non-linear model in Eqs. (9) , there is no guarantee of finding the global minimum. By here, it is assumed that the traditional controller gives a decent solution for normal operation. The suggested control input from the traditional controller is used as an initial guess in the optimization algorithm, and the subsequent optimizations are warm-started from the previous optimal solution. Due to the slow temperature dynamics of the system, the sample time Δt is in the range of 1 sec. to 1 min. In addition, the prediction horizon length should cover the open-loop transient system response and are determined to be N p = 10, while the control horizon are N c = 2. The weighting factors in Eq. (10) are appropriately tuned for an optimal response (to avoid temperature overshoots) of the supervisory controller in MIMO mode for the case considered. In fact, the turbine power reduction should stabilize the critical temperature of the response for an extended under-voltage ride-through time (should not be over-weighted). In addition, it should contribute when the excitation power is constrained to ramp down (causing a potential loss of synchronism). Moreover, in MISO mode, there are only contributions from the voltage part of Eq. (10) .
The control inputs should lie between a minimum and a maximum value. These have been implemented as inequality constraints. In addition, to ensure that the maximum permitted temperature rise from the design specifications (e.g. insulation The augmented UKF algorithm [27] can be used to estimate both the unmeasured states and unmeasured disturbances. The estimates of measured outputs typically constitute filtering of the measurements. Process w k and measurement v k noise are assumed to be known and implemented as Gaussian white noises. The input disturbance V e is assumed to be slowly varying or constant and driven by white noise and has to be augmented with the input disturbance model.
With states and input disturbance estimated via the UKF algorithm, the NMPC is equipped with the necessary information to enable computation of future control inputs that will give optimal performance [27] .
III. SINGLE MACHINE CASE STUDY
This section evaluates the single machine performance of the proposed ECD control system in comparison to a benchmark OEL system and an improved thermal-based system [13] . All systems include short-term capabilities. In fact, the OEL systems employ a combination of the instantaneous and the inverse-time pickup characteristics. The setting of the instantaneous limiter is about 1.6 times the rated field current. Alternatively, [13] and [31] uses the thermal inertia of the machine for identifying the activation time of the OEL. For performance comparison with the benchmark method, the thermal-based method presented in [13] is also implemented.
The single-machine test system is presented in Fig. 4 , which is adapted from [13] . The hydrogenerator under consideration is the test machine from [28] . Considering the proposed system, it is equipped with a supervisory system as a MISO controller for OEL testing. In the proposed method, the single-machine test system monitors the temperature of the rotor T r and ensures that it is protected against maximum overheating. The system also includes a pre-specified margin of 15 K identified from FEM analysis (temperature between hot-spot and observable temperature). From [6] , it is intended that the temperature should not exceed 155 • C for class (F) insulation systems. A continuous time benchmark OEL introduced by PSAT is used in this model setup. In addition, a typical under-load tap changing (ULTC) continuous time transformer model is implemented at the load site. The simulations in this case study are performed using OpenIPSL in Dymola in combination with a Functional Mockup Unit (FMU) in Simulink. It is the maximum allowable field current from the various systems that are of interest. To compare temperatures, the ramp down of the benchmark OEL is not initiated. The start time for ramping down the excitation current from the improved OEL and proposed ECD systems is indicated in Fig. 5 . The necessary OEL system parameters of the test machine for the improved OEL approach is presented in Table I . The comparison considers a tripping event (t = 1 s) in one of the transmission lines between Bus 1 and 3. The response of the different excitation control methods (with summation type control) are presented and compared in Fig. 5 . Finally, the comparative analysis is presented in Table II. As indicated in Table II , the proposed ECD system yields an excellent improvement in the short-term reactive power capacity and further extends the capability of the improved OEL method [13] . This is achieved by a flexible ramp down time (limited by the hard constraints of the controller), where the steepness is controlled by the weights and the controller horizon in Eq. 10. 
IV. MULTI-MACHINE CASE SYSTEM
This section extends the single-machine case study in Section III with another case study, based on a larger multimachine system. This is needed in order to fully demonstrate the advantages of the proposed ECD control system. Therefore, a dynamic study model has been developed based on the "Nordic Model High Load Case" from the Norwegian Transmission System Operator (TSO). The model setup and the simulations were done in the Matlab/Simulink environment. The geographical area under consideration is in the North region of Norway, containing four synchronous generators and one synchronous compensator. To fully address the aims of this paper, the model was tuned to operate near its capacity limit. In this adoption, cascading failures would inevitably lead to blackouts. The power system model is shown in Fig. 6 .
A. External Reactance Sensitivity
The prediction of the UKF depends strongly on the precision of its underlying dynamic mathematical model. Therefore, the variation and sensitivity of the external grid reactance x e was analyzed in detail. In fact, the short circuit power at the generator bus terminals in AREA 2 varies annually between 5 and 15 kA. The grid behaves weaker when the short-circuit capacity is small, i.e., large x e in high-load case. In addition, the external grid equivalent will vary significantly during faulty conditions. Considering that there are no measurements available from the power system (emulated as Fig. 6 ), the model must be estimated based on the measurements carried out at the generator terminals. As described in Section II-C, the external voltage V e estimation is initially driven by white noise in the UKF, and the external reactance x e is provided from SCA analysis. However, the UKF could be provided with an additional PMU measurement from the simulator (i.e., the real system). In this configuration, the external equivalent could be identified even after severe faults. This is visualized in Fig. 7 . Because the proposed system works as a supervisory control system, an adjustment in the reactance yields little impact on the thermal state of the generator (1-2 • C variation). The expected oscillating behaviour in the UKF may be different than the real system due to the sensitivity of x e . However, this issue would be more severe if the NMPC would be operating as a primary controller.
B. Contingency Analysis
Contingency analysis is implemented in the large-scale system (Fig. 6 ). In particular, the N − 1 contingency corresponds to a line outage. The proposed ECD control system is implemented at generator G1 in AREA 2. The objective is to reveal the overall performance of the multi-machine system. Studies are performed for single and multiple contingency cases to show the features of the proposed system comprehensively. In addition, the study explores the systems' ability to retain normal operating conditions after a fault clearing. The proposed system is implemented either as MISO and MIMO controller in the test cases (with N p = 20, N c = 2 and Δt = 10 s). The following assumptions are made for the case study of the Nordic power system: r Cold coolant is assumed to be 20 • C in all the simulations, which realize a limiting observable temperature rise of 105 • C for the stator windings and 100 • C for the rotor windings [6] (e.g., 120 • C in figures).
r The benchmark models of the IEEE stator current limiter SC1L, and OELs with integral control of field current are initially implemented.
r The supervisory control signal is implemented as a summation type control to the AVR and governor.
r Generators in AREA 1 have the ST1A static excitation system implemented but no governor. G1 in AREA 2 is where the proposed ECD system is implemented. The following conditions applies for AREA 2.
r The hydrogenerators are highly overexcited. r G1 and G2 both have the ST1A excitation models and hydraulic turbine and governor models.
r The ratio on the primary side of the step-up transformers are adjusted to 0.9 p.u, and generators use a 50 % reactive droop compensation of the transformer reactance. Case 1 -Single contingency: This case considers an outage in the international transmission line at t = 20 s (switch 1 in Fig. 6 ). After the disturbance, the generators in AREA 2 immediately supplies the reactive power demand of the system by increasing their excitation level, as shown in Fig. 8 . Initially, the power system is equipped with the benchmark IEEE OEL and SC1L systems as seen in subcase 1 A. The limitation of OEL starts almost instantly, according to the inverse-time characteristic. In this machine protection scheme, the SCL continues to reduce the field current after additional 20 s. In the next sub cases, the conventional limiters are removed from generator G1 in AREA 2, and the proposed ECD system is implemented as a MISO control system. In subcase 1B, there are no constraints on the reactive power supply (no use of V s ), i.e., the temperature restriction of 120 • C are broken after 260 s (as seen in Fig. 8 ).
In subcase 1 C, a fast and large reduction of V s provides loss of synchronization of the machine. Finally, in subcase 1D, the proposed control system has an additional constraint on the control input to prevent the previous scenario. In this setup, the constraints are broken after about 550 s. The benchmark OEL systems are activated based on the level of voltage drop at the generator terminals (e.g, as a consequence of the electrical distance from the location of the event), while the proposed ECD system is activated based on the online thermal capacity of the generator in addition to its electrical distance from the disturbance incident.
In continuation of this, the proposed control system is implemented as a MIMO system, i.e., controlling both the excitation V s and the power P m 0 . A reduction of one or both of these inputs consequently reduces the field current I fd and the terminal current I t of the controlled machine (A2.G1). As seen in Fig. 9 , the time for the enhanced operation is now extended to above 730 s as the active power is ramped down 0.2 p.u after a maximum reduction of the field current. In addition, the corresponding changes in the field current level of the different generators in the 16-bus multi-machine system are also plotted. The different machines contribute based on their distance from the location of the event.
Case 2 -Multiple contingency: The contingency considered in this case is the outage of the same line as above at t = 20 s (switch 1 in Fig. 6 ). In addition, an outage of G2 in AREA 2 at t = 50 s (switch 2 in Fig. 6 ) occurs. The excitation level of the generator G1 following the disturbances is presented in Fig. 10 . The excitation system of the G1 machine is now heavily loaded, and it quickly reaches its limits. However, due to the thermal flexibility of the controller, the injection of reactive power continues until 160 s before the controller initiates reduction of the excitation current (MISO). Moreover, the turbine power starts to ramp down at 175 s (MIMO). The supervisory system is not allowed to increase the set-point defined by the operator during this stage. However, the line is reconnected after 220 s and the NMPC steers the system back to its references. As long as the temperature constraints are not broken in the horizon of the supervisory controller, the AVR will again regulate the voltage freely at the generator terminals.
V. DISCUSSION
In this paper, it has been shown that the online proposed system exhibits a significant increase in the activation time of r 174 s in comparison to the thermal-based improved OEL system [13] , and r 325 s in comparison to the benchmark OEL system.
Using the single-machine test system, the simulation results show that the proposed method can efficiently utilize the thermal capacity of the rotor and inject more reactive power into the system and surpasses earlier proposed systems.
The performance of the proposed ECD method is further validated in a case study based on the Nordic model from the Norwegian TSO. The system demonstrates its effectiveness in extending the amount of reactive power that can be supplied into a multi-machine network, resulting in an improved voltage stability of the system. Due to the large thermal time constants of the machine, the proposed control system exhibits a maximum time of 550 s ( Fig. 8 ) with MISO control system and beyond 730 s ( Fig. 9) with MIMO system control. In fact, ECD operation beyond 730 s in MIMO mode is constrained by the limitations in allowed turbine power reduction (maximum reduction P e from 0.85 pu to 0.65 pu in this case study). This is because the MIMO control structure reduces the active power through the governor to increase the ability for reactive power support. Simulations (Fig. 9) shows that the MIMO functionality works on a component level. However, the frequency restoration requirements demands that a reduction of the active power can only be permitted as long as other distributed generator units complement with an increase in their active power production. Further work on the active power coordination in the ECD scheme with rescheduling of the active power dispatch between multiple generators during a contingency should be investigated. In addition, the minimization of the grid losses depending on the location of the generator would be a future research item. However, this paper already demonstrates the promising ability of the proposed ECD control system to further extend the under-voltage ride-through time. As a result, it emerges as an important measure to avert a blackout of the power system. Finally, the maximum reactive power utilization of the machine is achieved.
As evident in this paper, there is extensive thermal capacity available both in the rotor and the stator of synchronous generators. Considering the proposed flexibility, the machine may deliver more active power as well, in combination with a sufficient amount of reactive power. The lifetime for a synchronous machine is considered to be much longer than the turbine. Therefore, it is an inevitable fact that the turbines have to be replaced. Considering the flexibility of the proposed system, the operator is given the opportunity to upgrade the size of the turbine, as indicated in Fig. 1 . Hence, a flexible power factor redesign may be employed with the proposed method. Among the restrictions are the insulation standards of the materials in the machine. Considering that class F exhibits a maximum temperature of 155 • C, extended time could be provided depending on the cold coolant temperature, hot-spot temperatures, and how the machine is subjected to frequent cyclic loading. In this realm of opportunities, more constraints need to be considered in the controller to ensure the desired control performance. The proposed system should employ hot-spot considerations. The ratio between hot-spot and the observable sensor temperature identified through FEM analysis should be implemented as a safety margin for the controller [28] . In addition, the reduction of field current during a disturbance should be made with great care as it can exhibit instability and loss of synchronism.
In brief, this paper demonstrates the applicability of transforming the generator's thermal reserve into an applicable amount of reactive power reserve capacity. Note that an extensive use of the ECD will not frequently occur to the specific generator. Limited use of the ECD scheme reduces the impact of long-term thermal stress effects. In fact, utilizing the ECD method is shown to be an efficient exploitation of the machine to secure the power system reliability. As a result, it may prove its effectiveness as a security indicator, such as the amount of spinning MW reserve does. If incentives are provided through the provision of emergency control services in the electric power market [13] , the generator owners may be more convinced to utilize the available reactive power of their generators to improve power system performance and voltage stability. Moreover, a reduction in the investment cost of power electronics in compensating devices on the grid side would further justify the implementation of the ECD method.
A current challenge for the ECD method includes a higher level of excitation current capability required by the thyristors (static exciter). However, cyclic overloading of thyristors is possible because they are typically over-rated [32] . To further improve the system security, temperature monitoring of thyristors, transformers, and supplying power cables would be an advantage when the machine is operated in extreme modes of over-excitation. However, the under-voltage scenario causes the generator stator to be less effected by saturation phenomena [28] , which simplifies the electrical modeling.
In this paper, the ECD method is applied to a hydrogenerator. However, the scheme can in principle be used to extend the capability of any air-cooled generator. As a result, it can be employed in multi-site installations as well. Recently, excitation boosters for short-term fault-ride through capability enhancement has already shown promising results [33] .
Finally, to be able to utilize the system in reality, NMPC would require extensive computing power to solve non-linear constrained optimization problems in real time. However, due to the large thermal time constants in the machine and the typical time period for long term voltage stability, the proposed method holds real-time opportunities.
VI. CONCLUSION
A new supervisory model-based control system for generator units is proposed. The controller utilizes an Enhanced Capability Diagram (ECD) that are established from a thermal model. It is shown to be more effective than existing methods. In particular, the system is able to do the following:
r Track any desired set-point value and retain any physical constraint specified by the operator;
r Extend the activation time compared with existing reactive power limiters (174s extension); r Enhance the voltage support under a disturbance, and provide the operators more time to determine the best countermeasure that can be effective mitigating the emergency condition;
r And realize a superior flexibility in active power production under normal operation. The work is expected to guide operators in the implementation of more realistic activation times in conventional limiters. In the future, the scheme could be further improved by utilizing high-quality PMU data and new communication interfaces at the grid cite. Additionally, the development of a coordinated scheme for multi-cite installation in large scale applications will be further investigated.
